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Abstract
Water resource quality and availability are exceedingly important as we anticipate
increases in population and water use alongside variability in climate. In response, climate and
hydrologic models should be developed to strengthen our understanding of potential future
conditions and help us institute sustainability initiatives. Located within the Mississippi
Embayment, western Tennessee has access to 3 prolific aquifers that are relied upon to supply
water for municipal, domestic, commercial and agricultural use. As such, it is a crucial area to
evaluate the longevity of its aquifer system.
Using a groundwater model established by Clark and Hart in 2009 as a guide, a
groundwater model of the Obion River watershed in northwest Tennessee was created using
Aquaveo’s Groundwater Modeling System (GMS) and the USGS MODLOW modeling package.
Incorporating past and projected datasets, the model evaluates local groundwater availability and
conditions through 2050.
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Introduction
Water availability across the United States is gaining attention as long-used water
resources are becoming stressed in the face of variable weather patterns and increases in
population (Ingram et al., 2013). Climate studies across the U.S. continue to project rises in
extreme weather events such as droughts and storms (Tackle, 2009). In addition, the U.S. Census
bureau has projected that the national population will grow by over 56 million people from 2020
to 2050 (U.S. Census Bureau, 2017). Altogether, it is becoming more and more difficult to
preserve water resources that meet quantity and quality demands by commercial and municipal
users. The health and continued productivity of national water systems is of utmost importance
for many economic sectors and arguably the most reliant on water accessibility and sustainability
is agriculture (Mendelsohn, 2008). Agricultural resiliency is dependent upon the decision to be
proactive in the approach to water sustainability. In being proactive there is an increased ability
to make informed decisions that are cost-effective in adapting to changes in population and
climate.
Northwestern Tennessee exemplifies an area where agriculture is of great economic
importance and dominates much of the landscape (Ackerman, 1996; Pimentel and Hall, 2012). It
is also an area that is predicted to see an increased frequency of drought and extreme
precipitation events in addition to higher temperatures (Carter et al., 2014; Min et al., 2011;
Scoccimarro et al., 2014). It has been shown that recharge rates in Tennessee are strongly
connected to land use and climate change (Larsen et al., 2020). Northwestern Tennessee relies on
the layered aquifer system of the Mississippi embayment to supply water for most agricultural
demands in addition to commercial, municipal, and domestic uses. Altogether, the water supply
for these sectors constitutes greater than 80% of all groundwater withdrawn in Arkansas,
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Mississippi, and Tennessee (Dieter et al., 2014). The Mississippi embayment is one of the most
prolific aquifer systems in the country; however, even here there is still a growing concern for
agricultural and water resource sustainability (Waldron et al., 2011; Clark et al., 2013, Ouyang et
al., 2021). With some reports going so far to say that it is depleting at a rate greater than most
(Aeschbach-Hertig and Gleeson, 2012).
The Mississippi embayment is a high-volume groundwater source because it is a large
synclinal trough, that was filled sequentially with sediments deposited in a cyclical evolution of
environments over 6 million years (Cushing et al., 1964; Brahana et al., 1986). The embayment
is characterized by its stratigraphic layering of major regional unconsolidated aquifers separated
by clay-rich confining units of considerably lower hydraulic conductivity (Brahana et al., 1986;
Parks and Carmichael, 1990). The layers of the Mississippi embayment are thickest at the axis of
the synclinal trough, proximate to the Mississippi River, and pinch up and out along the
embayment periphery (Figure 1).
The primary freshwater aquifers within the Mississippi embayment that are pumped in
northwestern Tennessee in stratigraphic order from shallow to deepest are the Mississippi River
Valley alluvial and Upper Claiborne aquifers, the Memphis aquifer and the Fort Pillow aquifer
(Figure 1)(Brahana et al., 1986; Brahana and Broshears, 2001). For agriculture and irrigation, the
shallow alluvial aquifers are suitable and extensively pumped (Ackerman, 1996; Waldron et al.,
2011). The Mississippi River Valley alluvial and Upper Claiborne aquifers receive inputs from
streams and recharge from precipitation (Ackerman, 1996) within the study area. As the
Mississippi River Valley alluvial and Upper Claiborne aquifers are predominantly unconfined,
they are impacted by surface activity and have water of lesser quality than that of the deeper
aquifers (Waldron et al., 2011). Therefore, wells are installed in the deeper sections of the
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Memphis and the Fort Pillow aquifers to supply water where quality is crucial such as for public,
domestic and livestock demands, yet, these deeper aquifers are becoming more relied upon for
agricultural purposes as well. Each aquifer is utilized to meet water demand across multiple
sectors.

Figure 1: Cross-section showing principal aquifers and confining units of the northern Mississippi embayment (Brahana and
Broshears, 2011)
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In northwestern Tennessee, most of the Memphis aquifer is separated from the overlying
Mississippi River Valley alluvial and Upper Claiborne aquifers by the Middle Claiborne
Confining Unit (MCCU), a predominantly low permeability clay and fine silt layer (Brahana et
al., 1986; Parks and Carmichael, 1990) (Table 1). Along the eastern edge of the embayment and
where present, the Memphis aquifer crops out and receives recharge by precipitation and
infiltration of upland stream discharge (Parks and Carmichael, 1990; Larsen et al., 2020). This
recharge zone of the Memphis aquifer may make up as much as 25% of western Tennessee
(Larsen et al., 2020). Similarly, the deeper Fort Pillow aquifer is separated from overlying units
by the Flour Island confining unit, another low permeability clay layer. Wells in the Memphis
and Fort Pillow aquifers are often installed where the units are shallower, such as within their
unconfined sections that pinch out near the surface (Parks and Carmichael, 1986; Parks and
Carmichael, 1990).
Table 1: Hydrogeologic and geologic units of the study area, adapted from Clark and Hart (2009)

Erathem

System

Epoch

Quaternary

Holocene
Pleistocene

Eocene

Group

Geologic unit
Alluvium and
loess deposits
Cockfield
Formation

Claiborne

Cenozoic
Tertiary
Wilcox
Paleocene
Midway

Hydrogeologic
units

Model layer
number

Shallow aquifers

Upper Claiborne
aquifer
Middle
Cook Mountain
Claiborne
Formation
confining unit
Memphis
Memphis Sand
aquifer
Flour Island
Flour Island
Formation
confining unit
Fort Pillow
Fort Pillow Sand
aquifer
Midway
Midway Group
confining unit

1

2
3, 4, 5
6
7
-

Though these aquifers and confining units form a layer-cake structure that offers the
ability to withdraw large quantities of high-quality water, the interaction of rivers with the
groundwater, inter-aquifer exchange through the aquitards, pumping, and recharge create a
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greater complexity when assessing groundwater sustainability. In an already complex system, the
anticipated climate variability and its potential effects on the groundwater system make
evaluating availability even harder (Clark et al., 2011). This intricacy requires the use of
numerical models to best simulate groundwater flow and the impacts of stressors to the
groundwater system, spatially and temporally. Numerical groundwater models are adaptable in
volumetric extent and timescale of simulation and can address specific concerns or questions
regarding water resource availability. This flexibility makes them powerful tools for informing
decisions on water resource sustainability. They become increasingly valuable when linked with
other informative models such as surface water, climate, or economic, to help gain a wholistic
view of the water system and its impact (Moran, 2016).
As the Mississippi embayment is a large-scale and incredibly significant water resource,
groundwater modeling projects have already been undertaken across the embayment area. An
extensive groundwater model of the entire embayment was built using the USGS MODLFOW
numerical computer modeling code and published by Clark and Hart in 2009 (Clark and Hart,
2009) and enhanced in 2013 (Clark et al., 2013) in consideration of increases in agricultural
demand. In addition to the regional-scale models by Clark and others, several other focused
groundwater investigations within the embayment have relied on USGS MODFLOW and
resulted in numerical models aimed at addressing regional and subregional groundwater flow and
availability (Brahana, 1982; Arthur and Taylor, 1990; Arthur and Taylor, 1998; Brahana and
Broshears, 2001). However, models within Tennessee have not considered the Upper Claiborne
unconfined aquifer (Clark and Hart, 2009; Clark et al., 2013) or if included, cells were set as
constant head or as individual lakes (Brahana, 1982; Arthur and Taylor, 1990; Arthur and
Taylor, 1998; Brahana and Broshears, 2001). In contrast, modeling in Arkansas has focused on
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the Mississippi River Valley alluvial aquifer due to its agricultural significance (Mahon and
Ludwig, 1990; Tackle, 2009; Stanton and Clark, 2003). To evaluate water sustainability in an
area driven by agriculture, the Mississippi River Valley alluvial and Upper Claiborne aquifers
are critical to the analysis.
To undergo such a comprehensive water resource analysis in the Mississippi embayment
system, extensive data availability and a high level of numerical modeling are required. For
northwestern TN, water availability studies are crucial to maintaining vital agricultural viability.
The study herein focuses on the Obion River watershed (Figure 2) as an example of an approach
to model water use and availability within the Mississippi embayment system in Tennessee. The
approach is a predictive groundwater model constructed for the Obion River watershed to
ascertain water availability within the Mississippi River Valley alluvial and Upper Claiborne
aquifers, Memphis and Fort Pillow aquifers through 2050 based on presumed climatic conditions
that range in intensity based on atmospheric CO2, or greenhouse gas, emission scenarios (Van
Vuuren, 2011), temperature and pressure. This study’s groundwater model, in addition to land
surface and surface water models, is part of a USDA study to improve resiliency of agriculture
across Tennessee through early adaption of production and processes to climatic and
anthropogenic changes (Lloyd and Lyke, 1995). The USDA project identified 2007 – 2012 as a
period of significant increase in water use in Tennessee and defined its scope as advocating for
sustainable availability of water through 2050, coinciding with the forecastable extent of the
USDA’s baseline projections for agriculture sector. The predictive land surface and surface
water models for the Obion River watershed were constructed by The University of Tennessee
and Tennessee Technological University, respectively. The groundwater model was built to
incorporate the locally specific climate and surface water model data provided by collaborators
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Figure 2: Obion River North and South Fork watersheds with subset map of general study area within the MIssissippi embayment
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at these universities to produce an enhanced real-world simulation of the Obion River watershed
aquifer system when stressed by anticipated increases in agricultural demand and climate
change.
The Obion River groundwater model will be run to incorporate eight climate scenarios
developed by The University of Tennessee (Ghaneeizad et al., 2018). The eight climate scenarios
correspond to two representative concentration pathways (RCPs) (Van Vuuren, 2011), RCP 4.5
and RCP 8.5, and climate predications from four Global Climate Models for each. The Global
Climate Models used were: (1) The National Oceanic and Atmospheric Administration—
Geophysical Fluid Dynamics Laboratory model (GFDL-ESM2M); (2) the Met Office Hadley
Centre model (HadGEM2-CC); (3) the Institut Pierre-Simon Laplace model (IPSL-CM5A-MR);
and (4) the Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
Research Institute at the University of Tokyo, and National Institute for Environmental Studies
model (MIROC-ESM-CHEM) (Ghaneeizad et al., 2018). The results of the Obion River
watershed groundwater model will be used to evaluate the impact of these eight climate
scenarios which include drought conditions.
Methods
Study Area
The Obion River watershed (HUC 08010202-3) is located in the northern portion of the
Mississippi embayment in northwestern Tennessee (Figure 2) and overlies the Mississippi River
Valley alluvial and Upper Claiborne aquifers, referred to as the shallow aquifer herein, and the
Memphis and Fort Pillow aquifers. The Obion River watershed comprises approximately 6,400
km2 within 9 counties: Carroll, Dyer, Gibson, Henderson, Henry, Lake, Lauderdale, Obion, and
Weakley. The Obion River is split between its North and South forks, with the South Fork
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watershed joining the North Fork before they confluence with the Mississippi River. In predevelopment conditions before groundwater withdrawals began (late 1800s), rivers incised into
the shallow aquifer and were shown to be predominantly gaining (Ackerman, 1996); however,
with increases in pumping over time, some rivers now provide inflow to the aquifer (Ackerman,
1996). A surface water model of the Obion River watershed was constructed by collaborators at
the Tennessee Technological University to model river flow through 2050.
The Obion River and its tributaries flow through a landscape dominated by agriculture,
with a major portion of acreage devoted to row crops (Ackerman, 1996; Pimentel and Hall,
2012). As the dominant crop, the planted soybean acreage in 2018 was estimated at 685,500
acres across the 9 counties of the Obion River watershed (U.S. Department of Agriculture,
2018). In 2015, the groundwater pumping for agricultural use within these counties totaled
nearly 14 million gallons per day (Dieter et al., 2018). The majority of pumping for agricultural
purposes in northwestern Tennessee comes from the shallow aquifer (Ackerman, 1996; Waldron
et al., 2011). The shallow aquifer is an invaluable resource to northwestern Tennessee as it is
hydraulically connected to the Mississippi River which recharges the aquifer if increased
pumping lowers aquifer water level below that of the river (Lloyd and Lyke, 1995). Mostly, the
shallow aquifer receives recharge from precipitation. Determination of recharge rates within the
Obion River watershed through 2050 was assessed by Ghaneeizad et al. (Ghaneeizad et al.,
2018). In addition, Ghaneeizad et al. accounted for evapotranspiration in a reduced recharge rate
output. Their study produced 8 models total to account for the variability in future climate. In
addition to the shallow aquifer, groundwater from the Memphis and Fort Pillow aquifers is also
withdrawn to meet water demand (Parks and Carmichael, 1989; Parks and Carmichael, 1990).
Water pumped from wells in these deeper aquifers is necessary for domestic use or other uses
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where water quality is of importance (Parks and Carmichael, 1989; Parks and Carmichael, 1990),
but also supplement agricultural demand.
Groundwater Model Construction
Conceptual models are instrumental in developing successful groundwater flow models
and should include all pertinent geological and hydrological data (Anderson et al., 2015). The
Aquaveo® Groundwater Modeling Software (GMS) was utilized to create a conceptual model for
the Obion River watershed whereby several different data sets including boundary conditions,
recharge, river stage, well location and pumpage were incorporated to represent the complex
groundwater system and its stressors. Boundary conditions are first established to define the
model extent and groundwater flow regime. The northern and southern boundaries of the
watershed run near parallel to the general groundwater flow direction; hence, the corresponding
model boundaries are defined as no-flow for all hydrogeologic units. Originally designed to
follow watershed boundaries, the eastern and western extents were adjusted over the course of
model construction. The eastern boundary was brought in to match the extent of available
geologic unit elevation data from MERAS. The southwestern boundary was truncated to best
align boundaries with groundwater flow. After finalizing the east and west model boundaries,
they were assigned as constant head for the shallow aquifer based on historical water level
observations showing negligible change (Brahana and Broshears, 2001). The western boundary
of the Memphis and Fort Pillow aquifers were set to constant head using the same logic, but the
eastern boundaries or outcrop area of these two aquifers were free to fluctuate. All other datasets
mentioned herein were truncated to the finalized boundaries described above.
For inflows and outflows of the groundwater system, data were gathered for well
locations, well construction, pumping rates or estimated withdrawal, stream characteristics,
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stream stage, and recharge. Well location and depth information were obtained from Tennessee
Department of Environment and Conservation (TDEC) water well records. Although the data
was plentiful, it was found that not all recorded well locations were accurate and often
overlapping. Using Python, wells with duplicate coordinate sets were identified and reassigned a
location within 3.5 minutes in each cardinal direction. In addition, pumping data were
inconsistent throughout the dataset resulting in estimation of water production per well to be
based on well type (e.g., municipal, industrial, agricultural, etc.) and the 5-year county water use
2015 report from USGS [10]. A sum in mgal/day for each well type per county was calculated
and equally distributed across the number of same type wells in that county. Total well pumpage
in mgal/day for each aquifer can be referenced in Figure 3.

Figure 3: Well pumpage in mgal/day by aquifer

The Obion River was mapped using data provided by Tennessee Technological University
(Kalyanapu and Mahmud, personal communication). The Obion River HEC-RAS model
produced by collaborators at Tennessee Technological University utilized USGS historical river
data which were, in turn, used to assign stage along the river segments in the groundwater model
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(Kalyanapu and Mahmud, personal communication). Recharge, reduced for evapotranspiration,
was provided by collaborators at the University of Tennessee-Knoxville who created a landsurface model of the Obion River watershed (Ghaneeizad et al., 2018). Two temporal sets of
recharge were provided, the first set ranging from 2007-2011 to be incorporated into the
conceptual model and calibration, and the second set ranging from 2012-2050 to be incorporated
into the predictive groundwater model.
The groundwater model grid was built in GMS and has 100 rows and 120 columns of
500-m square cells. The model extent is clipped to the Obion River model boundaries described
above and all cells outside of this extent are set as inactive. Vertically, the model has layers to
represent the shallow aquifer, the MCCU, the Memphis aquifer, the Flour Island confining unit,
and the Fort Pillow aquifer, which terminates at the top of the Midway confining unit (Clark and
Hart, 2009; Waldron et al., 2011). The hydrogeologic units are distributed into 7 layers that can
be seen in Figure 4 and described in Table 1. Layer 1 represents the shallow aquifer, layer 2 is
the MCCU, layers 3-5 make up the Memphis aquifer, layer 6 is the Flour Island confining unit,
and layer 7 is the Fort Pillow aquifer. The Memphis aquifer was split into multiple layers to
allow for more appropriate allocation of pumping rates based on screen lengths.
At its upper boundary, the shallow aquifer top elevations were set equal to ground surface
that was derived from the USGS 10-meter digital elevation model (DEM). The original
elevations for the underlying sequence of aquifer and aquitard layers were extruded from the
MERAS model (Hart et al., 2008). Values for the following hydraulic characteristics: horizontal
hydraulic conductivity, vertical anisotropy, specific storage and yield, were assigned to each
layer uniformly using data from previous studies of the northern Mississippi embayment
proximal to and within the study area (Arthur and Taylor, 1998; Ackerman, 1996; Freeze and
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Figure 4: Obion River groundwater model 3D grid, side view.
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Cherry, 1979). Freeze and Cherry (1979) are representative values and were only used when
regional values were not available or as a set of supporting data. Starting heads for layers 2 – 7 of
the Obion River groundwater model were extracted from the MERAS model output, which
terminated in 2007. The shallow aquifer starting heads were calculated for 2007 using a
combination of data and the knowledge that the water table typically follows topography and is
hydraulically connected to streams in this area (Parks, 1990; Arthur and Taylor, 1998). Using
USGS observation data and ground surface elevations, a ratio of saturated thickness to unit
thickness was calculated and then applied across all cells based on their thickness or assigned at
river stage along river reaches. All collected data were applied to the groundwater model 3D
grid. Boundary conditions, recharge, river stage, well locations and pumpage were applied to
their appropriate spatial location and layers.
Initial Model Outcomes and Adjustments
The groundwater model was first set to run from January 1, 2007, to December 31, 2011.
The date range was chosen based on available data outlined above. Upon first attempt, the model
could not execute. Both dry and flooded cells existed throughout the model. Additionally, output
head values from the failed runs were in excess of 3 million meters. To address these errors,
multiple variables were tested. Hydraulic characteristics were first adjusted using a multiplier
range of 0.1 to 10 for all values for all aquifers, with little effect on error. They were then reset to
their initial values. Recharge rates, pumping rates and stream stage were also adjusted with little
to no effect on error.
With negligible reduction in extreme error in heads, the dry and flooded cells were
examined. The dry and flooded cells were propagating from cells with minimal cell thickness or
saturated thickness. The shallow aquifer held the most thin cells, all of which were along the
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eastern edge of the model area. This area corresponds to the outcrop area of the Memphis
aquifer. It has previously been observed in groundwater models that areas of thin saturated
thicknesses, e.g. outcrop areas, can misestimate groundwater elevations (Hutchison, 2011).
Based on the thin nature of the cells and the knowledge that the shallow and Memphis aquifers
are hydraulically connected in the outcrop area, the shallow aquifer cells within the Memphis
aquifer recharge zone were set as inactive and the underlying Memphis aquifer cells were
adjusted so that their top elevation is at the surface elevation (Figure 5). In addition, cells with a
saturated thickness of 20 m or less were assigned as constant head, an approach used in multiple
previous studies (Brahana, 1982; Arthur and Taylor, 1990; Arthur and Taylor, 1998; Brahana
and Broshears, 2001). These operations vastly reduced the overall error in the shallow aquifer.
Even with successful adjustment and resultant appropriate head levels, dry and flooded cells
were still present at the surface of the model and clustered along the eastern edge of the model,
now in the top layer of the Memphis aquifer. Originally, the three Memphis aquifer layers were
distributed equally in thickness and, thus, all three layers thin significantly in the pinch out zone
to the east. Using the previous success of adjusting thin cells, the top 2 layers of the Memphis
aquifer were truncated to the extent of the overlying layers and the top of the bottom layer of the
Memphis aquifer was set to the land surface (Figure 5). These changes allowed the model to run
most accurately, although few flooded cells are still present.
Calibration and Parameter Estimation
Aquaveo GMS not only serves as a program to design conceptual models, it also allows
the user to run MODFLOW, a USGS tool designed to solve the groundwater-flow equation.
GMS was assigned to use the MODFLOW-NWT solver (Niswonger et al., 2011), a Newton
formulation of MODFLOW-2005 (Harbaugh, 2005), that aids in models that may experience dry
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Figure 5: Evolution of layer development. (a) Truncating the shallow aquifers and UCCU layers to eliminate thin cells at the Memphis aquifer outcrop zone. (b) Side view of layers
1-7 after edit (a). (c) Close up of the interface between the truncated shallow aquifers and UCCU layers and the first layer of the Memphis aquifer which has been altered to
represent the surface in the outcrop zone. (d) Layers 1 and 2 of the Memphis aquifer are truncated to the extent of the shallow aquifers and UCCU layers and layer 3 of the
Memphis aquifer is altered to represent the surface to create adequate cell thicknesses at the outcrop zone.
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cells, which were observed on the eastern edge of the Obion River watershed grid. Working
through the errors that thin cells present in GMS, along with other data sensitive issues, required
the model to be run and edited many times during the calibration process.
The model was set up to run from January 2007 – December 2011 at monthly stress
periods with 3-10 timesteps per period. This 5-year timeframe was utilized in model calibration,
as this was the time period that had site specific data for recharge and observation heads.
However, parameters for hydraulic conductivity, specific storage and yield have not been
recorded within the Obion River watershed. Data from regional studies were used to set initial
values then these hydraulic characteristics were best fit using the Parameter Estimation (PEST)
(Doherty, 2016) code that is also performed through GMS. Values for hydraulic conductivity,
specific storage and yield were solved for while vertical anisotropy (Kh/Kv) was set to 10 as
documented in previous studies (Hart et al., 2008; Doudrick, 2008). Parameter estimation was
performed until modeled heads reasonably replicated observed heads, as determined using the
Root-Mean-Square-Error (RMSE) calculated by MODFLOW. After a multitude of runs and
adjustments, the model was found acceptable when the RMSE values were changing by degrees
of magnitude less than 1E10-2.
Final Groundwater Model and Climatic Variations
The final groundwater model had RMSE values for each water-bearing unit within + 3.0
m (Table 2). The RMSE values in meters for the Obion River watershed model layers were 1.41
for the shallow aquifer, 2.92 for the Memphis aquifer and 0.23 for the Fort Pillow aquifer. These
values are comparable to those from recent modeling efforts within the Mississippi embayment
by Villalpando-Vizcaíno, 2019 (Villalpando-Vizcaíno. 2019) and smaller than most values from
older modeling efforts (Table 2)(Villalpando-Vizcaíno. 2019; Clark and Hart, 2009; Clark et al.,
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2013; Arthur and Taylor, 1998; Brahana and Broshears, 2001). When comparing the Obion
River watershed RMSE values by aquifer to the corresponding saturated thicknesses of each unit,
the errors account for less than or equal to 3% change in head.
Table 2: Table of average RMSE errors (in m) from regional models. Created from Villalpando-Vizcaíno (2019)

The final hydraulic parameters values are presented in Table 3. Each model layer was
assigned one uniform value per parameter for the geologic unit it represents. This should be
noted when comparing values to other models within the area that might use zones to apply areas
of different parameter values within 1 layer or unit. For the Obion River watershed model,
creating zones of varying hydraulic conductivities did not decrease the RMSE values of the
model and therefore the single value per unit layer was most parsimonious. The Obion River
watershed hydraulic parameter values for the geologic units fall within the range of other
documented values and/or ranges (Ackerman, 1996; Parks and Carmichael, 1989; Parks and
Carmichael, 1990; Arthur and Taylor. 1998; Brahana and Broshears, 2001; Freeze and Cherry,
1979; Parks and Carmichael, 1990; Graham and Parks, 1986; Carmichael et al., 1997; Gentry et
al., 2006; Robinson et al., 1997; Schneider and Cushing, 1948). Values from models will vary
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depending on the spatial scale of the study and many of the listed sources are from areas of
amplified study or data availability, such as Memphis, Tennessee. Although no previous study or
available hydraulic values produced specifically within the Obion River watershed area exist, the
final parameter values are within the range of expected values and can therefore be used to
adequately monitor changes in water quantity.
Table 3: Final hydraulic parameters used in the Obion River watershed model.

From the final Obion River watershed groundwater model, eight variation files were
created for the eight climate change scenarios modeled by The University of Tennessee
(Ghaneeizad et al., 2018). The climate change scenarios include two representative concentration
pathways, RCP 4.5 and RCP 8.5 and their climate predications from four Global Climate
Models, HADGEM2-CC, IPSL-CM5A-MR, MIROC-ESM-CHEM, GFDL-ESM2M. The RCP
values of 4.5 and 8.5 indicate radiative forcing from added greenhouse gas emissions simulated
in the climate change scenarios, with RCP 4.5 being a moderate climate change scenario and
RCP 8.5 being an extreme climate change scenario (Ghaneeizad et al., 2018). The only
difference in the eight groundwater models was the recharge dataset. Each groundwater model
incorporated a unique dataset of recharge values from 2012-2050 from each one of the eight
climatic scenarios. Both the climate change scenario data and groundwater model data terminate
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at 2050 as outlined in the original USDA project scope. Figure 6 displays a comparison of the
total model inflow, 2012 – 2050, from recharge for each model in thousands of meters. There
does not appear to be a trend across the individual RCP scenarios (Ghaneeizad et al., 2018);
however, RCP 8.5 does host the minimum and maximum total model inflow from recharge,
which agrees with it being the extreme climate scenario of the two (Ghaneeizad et al., 2018).

Figure 6: Comparison of total model inflow from recharge for all climate scenarios

Results and Discussion
Incorporating the eight climate scenarios datasets described above, the Obion River
groundwater model can be used to evaluate the ability of the local groundwater system to meet
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water supply demands, now and in the future. In particular, it is important to assess whether the
rate of pumping in the area is sustainable even during drought conditions, or at minimum
predicted recharge. To evaluate this and observe other impacts of climate on the groundwater
system, each of the eight climate scenario groundwater models were run from 2007 – 2050. All
eight climate scenario groundwater models successfully simulated water availability for current
demands through 2050. For each model, the flow budgets were analyzed to understand the
dominant forces in the Obion River watershed groundwater system. The flow budgets calculated
by MODFLOW indicate the volume of water into or out of the groundwater system from rivers,
recharge, wells, constant head and storage. Climate model GFDL-ESM2M with RCP 8.5 (GFDL
8.5) has the greatest total inflow from recharge from 2007-2050 of the models, as shown in
Figure 6, and will be considered the maximum recharge scenario. The minimum recharge
scenario is climate model IPSL-CM5A-MR with RCP 8.5 (IPSL 8.5) having the lowest total
inflow from recharge, also seen in Figure 6. Using the results of GFDL 8.5 and IPSL 8.5 allows a
comparison of the extreme ends of the climate change scenarios and an understanding of how the
local groundwater system responds, with all other models yielding intermediate responses. This
report utilizes the results of GFDL 8.5 and IPSL 8.5 to address water supply concerns in the
Obion River watershed.
Shallow Aquifer
It was initially apparent that recharge and storage were the largest factors for the shallow
aquifer groundwater system. Recharge accounted for an average of 47-51% of the total flow into
layer 1 of the IPSL 8.5 and GFDL 8.5 models, respectively. In both models and shown in Figure
7, recharge maintains a seasonal pattern with heaviest flow in during the winter and spring
months, decreasing during the summer. Since recharge is the dominant process and varies
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seasonally within the Obion River watershed, the percent of flow in and out of the shallow
aquifer by category is averaged by month and are displayed in Figure 8. Figure 8 shows that
recharge was also the dominant flow out of the system during the summer months, peaking in
July at 47-49% of total flow in the GFDL 8.5 and IPSL 8.5 models respectively. This reflects
summer months in northwestern TN when evapotranspiration and runoff limit recharge

Figure 7: Total recharge (flow in - flow out) for the shallow aquifer of the GFDL and IPSL 8.5 models for the model period 2007 2051 (top) and a 5-year zoom from 2045-2051 (bottom).
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Figure 8: Flow budget analysis by month for the shallow aquifer (layer 1) of GFDL 8.5 and IPSL 8.5 models
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infiltration (Ghaneeizad et al., 2018). This increase in evapotranspiration is shown in a reduced
recharge rate for these months. Water released from storage accounted for an average of 41-42%
of the total flow into layer 1 of the GFDL 8.5 and IPSL 8.5 models, respectively. As storage
represents water retained or flows out of the aquifer, it is reasonable that storage trends are
opposite, or responding to, the recharge trends. When recharge flow into the system is heavy,
less water is needed to come from storage to maintain the system. Conversely, when recharge
flow into the system is light, there is larger flow from storage into the aquifer to maintain the
system.
River leakage is also important to examine as the Obion River is hydraulically connected
to the shallow aquifer. Similar and connected to recharge, flow in the Obion River is also
seasonal. Figure 9 shows total river leakage, or the difference between the river leakage flow in
and the river leakage flow out of the groundwater system. River leakage flow in is heaviest
during the fall and decreases through the spring. However, for almost the entirety of the model
period (2007 – 2050), flow out of the system for river leakage was greater than flow in. This
means that more water is flowing out of the groundwater system and into the river, or that the
Obion River is a gaining stream. The movement of water from the aquifers to the stream in the
Obion River watershed furthers the understanding that recharge is abundant and supplies enough
water to maintain the shallow aquifer system. To better assess river impact on the shallow
aquifer system, flow budget analyses was also completed at smaller spatial scales. Buffers were
created at 1000, 2500, 5000, and 10000 m of the Obion River axis. These buffers were used to
select a subset of cells and extract flow budgets at smaller spatial scales to determine the spatial
extent that river flow has influence on the system. Figure 10 shows that within 1000 m of the
Obion River axis, river leakage accounts for 36-39% of flow out of the shallow aquifer system
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Figure 9: Total river leakage (flow in - flow out) for the shallow aquifer (layer 1) of the GFDL and IPSL 8.5 models for the model period 2007 - 2051 (left) and a 5-year zoom from
2045-2051 (right).

Figure 10: Analysis of river leakage contribution of total flow in and out of shallow aquifer (layer 1) at defined buffer intervals
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and 5-7% flow in, which shows that not only is the river gaining but that groundwater is helping
maintain base level. A USGS report of the South Fork Obion River found that flow in and flow
out of the Obion River may each dominate in different hydrogeologic areas but that flow out
from the aquifer was again the greater amount overall (Tucci and Hileman, 1992).
Resultant heads within the shallow aquifer of the Obion River watershed show a seasonal
trend in response to recharge and river flow, in addition to an overall slight increase through
2050 in both the GFDL and IPSL 8.5 models (Figure 11). USGS wells Lk:G-044 and Lk:G-045
display seasonal trends that validate the model trends (Figure 12). USGS wells Lk:G-045 and

Figure 11: Two example shallow observation wells with calculated and observed head values
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Figure 12: USGS created plots of observation data for wells in the shallow aquifer of the Obion River watershed showing increases in head over time and seasonal variability in
head
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Lk:G-043 show the generally increasing heads for the area (Figure 12). The overall increase in
head at the site can be seen by comparing the final shallow aquifer layer grid values to an earlier
date. Figure 13 shows the shallow aquifer layer grid of head values for the last timestep of the
calibration data (December 2011) to a later timestep in the model (December 2050) for the
GFDL 8.5 and IPSL 8.5 models. Both models experienced an overall increase in head, as
demonstrated by current and past data from the area. As is expected, GFDL 8.5 or the maximum
recharge scenario, displays a slightly greater increase than IPSL 8.5. This rise in head was
ubiquitous across the model area with little impact from well pumpage. Another study attributed
the muted impact from pumping in the region on the misalignment of precipitation events and
the growing season (Ouyang et al., 2021). Looking at the water level contours on Figure 13 for
both models, it is demonstrated that there is little impact from pumping due to lack of cones of
depression and that the Obion River is hydraulically connected to the water table as a trough
pattern remains along its axis in both models.
Although the shallow aquifer is the most utilized groundwater source in northwestern
Tennessee, with a large majority of water supplying agricultural and irrigation purposes, the
withdrawal rate from these 9 counties collectively is around 25 mgal/day (Figure 3). In
comparison to agricultural demand on the alluvial aquifer in Arkansas, where a single county
may extract over 800 mgal/day (Kresse et al., 2014), the rate in the Obion River watershed is still
low. Arkansas has seen large decreases in water level at these rates, but even at this extreme, the
wells on the eastern edge of the Arkansas and proximal to the Mississippi River show little
decrease due to recharge from the river (Kresse et al., 2014; Clark et al., 2011). This would
suggest that the Obion River watershed, also proximal and hydraulicly connected to the
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Figure 13: Comparison of head levels in the shallow aquifer (layer 1) from December 2010 to December 2050 for the GFDL 8.5 and IPSL 8.5 models
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Mississippi River, may be sheltered from large impacts due to increased pumping and that ample
resources are available to meet future or increased demand.
Semi-confined and Confined Aquifers
The flow budgets of the semi-confined and confined aquifers, the Memphis and Fort
Pillow, vary from that of the shallow unconfined aquifer system. With a reduction in stress from
pumping in the deeper aquifers (Figure 3) there is even less influence on the flow budget outside
of recharge and storage. Modeling studies adjacent to and south of the Obion River watershed
showed that 42% of the Memphis aquifer flow budget is recharge with aquifer exchange being
second (Brahana and Broshears, 2001; Larsen et al., 2020). The Memphis aquifer receives its
flow from recharge in layer 5 in the outcrop area along the eastern edge of the watershed. This
varies seasonally, as discussed for the shallow aquifer, and contributes anywhere between 1791% of the total flow into the aquifer (Figure 14) depending on the time of year. This range
applies to both the GFDL and IPSL 8.5 models, with the 91% maximum from the GFDL 8.5 and
the 17% minimum from the IPSL 8.5 model. River leakage in the Memphis aquifer only
contributes to flow out, being between a range of 4-12% of total flow out of the system
throughout the year. As discussed for the shallow aquifer, this shows that the Obion River
segments overlying the outcropped area of the Memphis aquifer are gaining.
With influence from streams and recharge being restricted to the outcrop area of the
Memphis aquifer in layer 5, the Memphis aquifer has an increase in inter-aquifer water
exchange. Looking at the flow through various cell faces, dominant flow directions in the
groundwater system can be observed. Flow budgets for cell faces were evaluated for January and
July for every 5 years to show seasonal as well as long-term trends (Figure 15). In layers 3-5 of
the Memphis aquifer, flow into the cells’ upper face is positive or gaining into the system. Layer
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Figure 14: Flow budget analysis by month for the Memphis aquifer (layers 3-5) of GFDL 8.5 and IPSL 8.5 models
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3, the uppermost layer, has the greatest volume of flow into the upper face and then it decreases
through layer 5. Total flow budget at the lower face of the cells of all 3 layers is negative, or
indicative of flow out of the cell. The difference in flow into the upper face and out of the lower
face varies with time. From 2020 forward, the difference between flow into the upper face and
out of the lower face is positive indicating more flow into the aquifer cells than leaving them and
a general downward migration of water. This peaks in 2030 for GFDL 8.5 and 2035 for IPSL
8.5.

Figure 15: Interaquifer flow in the Memphis aquifer
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With net positive inflow to the Memphis aquifer there is an observed increase in head
values across its grid layers over time. Observation data during the calibration period was
limited. However, the model-predicted increases in head appear to be consistent with
observedhistorical increases in head from USGS data (Figure 16). Looking at USGS produced
charts of observation data, it is shown that wells Wk:J-011 and Ob:O-004 have shown head
increases between two dates of measurement of approximately 2 m. These increases were
observed after 6 and 10 year periods, respectively for Wk:J-011 and Ob:O-004. To observe
shorter and more recent temporal trends, well Wk:J-011 has head measurements that fluctuate
approximately + 0.5 m within the most recent 8-year measurement period. To compare, the
GFDL 8.5 model predicted a 3.5 m increase in head in Wk:J-011 over the 43 year model period
and the IPSL 8.5 model an increase of 2.7 m. At well Ob:O-004, GFDL and IPSL 8.5 predicted
increases in head of 2.7 and 1.8 m over the model period, respectively. These predicted ranges of
increases in head are reasonable given the fluctuations in head level at each site. At both wells,
the difference in head increase of the GFDL and IPSL 8.5 models is a little less than 1 m
suggesting that the differences in recharge between the two models result in minimal difference
in head over the long term.
The Fort Pillow aquifer, layer 7 of the model, behaves differently as a fully confined
layer. Being completely overlain by a confining unit and overlying a no flow boundary, the
majority of the flow budget is storage. Outside of changes in storage, the Fort Pillow aquifer
flow budget is influenced by flow in from constant head boundaries and flow out from wells.
Wells contribute to the flow budget at 20-23% of flow out throughout the year for both the
GFDL and IPSL 8.5 models. At the current rates, well pumpage has little effect on the Fort
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Pillow groundwater levels (Figure 17). Layer 7 has water flow across the upper cell faces,
showing water exchange with the overlying Memphis aquifer.

Figure 16: Comparison of Memphis aquifer observation well predicted heads and USGS monitoring

Conclusion
Across the United States, water viability and sustainability are of utmost concern as we observe
continued growth in population (U.S. Census Bureau, 2017) and subsequent rise in water
demand. These increasing stresses on water supplies are only intensified by variable weather
patterns and a rise in extreme climate events such as droughts and floods (Ingram et al., 2013;
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Figure 17: Comparison of head levels in the Fort Pillow aquifer (layer 7) from December 2010 to December 2050 for the GFDL 8.5 and IPSL 8.5 models
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Tackle, 2009). At this moment in time, it is crucial that a proactive approach is taken to preserve
water quality and quantity. Protecting our water supplies is vital to so many sectors. For
example, how do we maintain a system for municipal use that has a sustained ability to supply
large quantities for commercial or industrial uses? Northwestern Tennessee is an area that needs
to address this question to protect their largest industry: agriculture. The majority of the
groundwater used for agriculture in northwestern Tennessee is supplied by the layered aquifer
system of the Mississippi embayment (Ackerman, 1996; Waldron et al., 2011; Parks and
Carmichael, 1989; Parks and Carmichael, 1990). Although this is a high producing system,
northwestern Tennessee is predicted to see radical weather events including heightened
temperatures (Carter et al., 2014; Min et al., 2011; Scoccimarro et al., 2014).
The best approach to understanding current and future conditions in a groundwater
system like that of the Mississippi embayment is through complex groundwater-flow modeling.
A comprehensive groundwater study was undertaken for the Obion River watershed area of
northwestern Tennessee. The Obion River watershed covers nine counties and overlies the
Mississippi River Valley Alluvial and Upper Claiborne (shallow), Memphis and Fort Pillow
freshwater aquifers. Previous groundwater models within the Mississippi Embayment have been
developed for aquifers in Arkansas and Tennessee with limited hydrologic simulation of surficial
and shallow aquifer. To model the shallow aquifer system as well as the Memphis and Fort
Pillow aquifers underlying the Obion River watershed area, extensive data collection and a high
level of conceptualization and numerical modeling was required. In this study, a comprehensive
groundwater model of the Obion River watershed was created using Aquaveo® GMS and
MODFLOW (Harbaugh, 2005). Model inputs were supported by surface water and land surface
model data obtained simultaneously as part of a USDA study to bolster the resiliency of
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agriculture in the Tennessee and Cumberland River basins. Combining these data, a calibrated
groundwater model of the Obion River watershed from 2007 - 2012 was developed and used to
forecast agricultural and municipal withdrawals from all three aquifers while considering 8
climatic models to the year 2050.
Extensive time and effort were taken to develop a calibrated model owing to the
complexity of the system and scarcity of long-term observational data. Most modeling anomalies
were the result of thin cells (Hutchison et al., 2011) located along the eastern margin of the
watershed where geologic units pinch out, an area that in previous models was either ignored or
truncated further to the west (Brahana, 1982; Arthur and Taylor, 1990; Arthur and Taylor, 1998;
Brahana and Broshears, 2001). However, comparison of resultant RMSE to that of past models
of the embayment (Clark and Hart, 2009; Clark et al., 2013; Arthur and Taylor, 1990; Arthur and
Taylor, 1998) were close, indicating that this model of the Obion watershed was reasonably
successful in simulating flows in the shallow aquifer and the outcrop area.
Eight climatic scenarios were provided by the University of Tennessee (Ghaneeizad et
al., 2018) under this USDA study. The Obion River groundwater model was run separately for
each scenario and it was determined that using the two extreme scenarios, the minimum IPSL 8.5
scenario and the maximum GFDL 8.5 scenario, produce the outer range of possible outcomes on
the groundwater resources in the Obion River watershed. The IPSL and GFDL 8.5 scenarios
demonstrate that recharge and storage are the driving forces in the groundwater system. The
shallow aquifer system is influenced by rivers, which maintain groundwater hydraulic head
values in proximity. Due to the ample recharge as predicted in the climatic models (Ghaneeizad
et al., 2018), the rivers act as gaining systems overall, which is not uncommon in a rural setting
such as the Obion River watershed (Tucci and Hileman, 1992). Of the three aquifers simulated,
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the shallow aquifer has the greatest production for future agricultural use (Ackerman, 1996;
Waldron et al., 2011), due to the ease and cost effectiveness of drilling at shallow depths.
Though having the highest demand, hydraulic heads were shown to increase slightly into the
future which aligns with historic increases observed in USGS records. The semi-confined
Memphis aquifer maintained hydraulic head levels that meet and even exceed current
withdrawals due to increased recharge along an outcrop belt (Parks and Carmichael, 1990) and
from downward migration of water from overlying units (Brahana and Broshears, 2001; Larsen
et al., 2020). The confined Fort Pillow aquifer relies heavily on recharge from the downward
migration of water but is more than enough to sustain current pumping.
Overall, based on the modeling in the present study all three aquifer systems continue to
receive ample recharge to serve their current water supply demands through 2050. This study
finds that the Obion River watershed groundwater system is stable considering the IPSL and
GFDL 8.5 (minimum and maximum) climate scenarios. The shallow aquifer system, the most
relied upon in the Obion River watershed, continues to slowly increase in head. Considering
other regions in the embayment where daily withdrawals are high such as specific counties in
eastern Arkansas (800 Mgal/day) (Kresse et al., 2014) for rice production and Shelby County,
Tennessee (180 Mgal/day) for municipal and industrial use, the counties in the Obion River
watershed have the ability to support increased pumping rates for agricultural use, probably
beyond that of the predicted population increases and shared demand by other users.
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